Loss-of-function mutations in UPF3B result in variable clinical presentations including intellectual disability (ID, syndromic and non-syndromic), autism, childhood onset schizophrenia and attention deficit hyperactivity disorder. UPF3B is a core member of the nonsense-mediated mRNA decay (NMD) pathway that functions to rapidly degrade transcripts with premature termination codons (PTCs). Traditionally identified in thousands of human diseases, PTCs were recently also found to be part of 'normal' genetic variation in human populations. Furthermore, many human transcripts have naturally occurring regulatory features compatible with 'endogenous' PTCs strongly suggesting roles of NMD beyond PTC mRNA control. In this study, we investigated the role of Upf3b and NMD in neural cells. We provide evidence that suggests Upf3b-dependent NMD (Upf3b-NMD) is regulated at multiple levels during development including regulation of expression and sub-cellular localization of Upf3b. Furthermore, complementary expression of Upf3b, Upf3a and Stau1 stratify the developing dorsal telencephalon, suggesting that alternative NMD, and the related Staufen1-mediated mRNA decay (SMD) pathways are differentially employed. A loss of Upf3b-NMD in neural progenitor cells (NPCs) resulted in the expansion of cell numbers at the expense of their differentiation. In primary hippocampal neurons, loss of Upf3b-NMD resulted in subtle neurite growth effects. Our data suggest that the cellular consequences of loss of Upf3b-NMD can be explained in-part by changes in expression of key NMD-feature containing transcripts, which are commonly deregulated also in patients with UPF3B mutations. Our research identifies novel pathological mechanisms of UPF3B mutations and at least partly explains the clinical phenotype of UPF3B patients.
INTRODUCTION
Intellectual disability (ID) is estimated to affect 2% of the world's population. This vast collection of clinically variable and genetically heterogeneous disorders of the brain is primarily characterized by compromised ability to learn and remember. The socio-economic impact of ID is considerable (1,2). There are currently over 380 genes and hundreds of other loci in which mutations (or copy number variations; CNVs) are reported to cause ID (1) . An estimated 10-15% of ID genes are on the Xchromosome, also known as X-linked ID (XLID) (3) . While the identification of the full spectrum of genetic causes of ID remains a major challenge, better understanding of the molecular pathways underlying ID is becoming imminent.
Mutations in the UPF3B gene have been identified to cause XLID (MIM: 300676). To date about 10 separate families with UPF3B mutations, including missense, frameshift and nonsense mutations, all of which result in a loss of UPF3B function are known (4) (5) (6) (7) (8) . In addition to ID, UPF3B patients also present with attention-deficit hyperactivity disorder (ADHD) (6, 7) , autism (4, 5, 7) and schizophrenia (7) . The severity and type of clinical presentations also vary, within and between families * To whom correspondence should be addressed at: Department of Genetic and Molecular Pathology, SA Pathology at the Women's and Children's Hospital, North Adelaide, SA 5006, Australia. Tel: +61 881616339; Fax: +61 881617342; Email: jozef.gecz@adelaide.edu.au (4 -6) . These and molecular, whole transcriptome, analysis of UPF3B patient cells suggest that UPF3B protein is crucial for normal development and function of the brain (9) . What is the underlying molecular mechanism remains largely unknown.
UPF3B is a member of the exon -junction complex (EJC) that is essential for NMD function. NMD's primary role is to degrade transcripts with premature termination codons (PTCs), thereby protecting the cell against translation of truncated proteins with potentially deleterious effects (10) . Following pre-mRNA splicing, UPF3B remains associated with nascent mRNA at exonexon boundaries (11, 12) . Subsequently, during nuclear export of mRNA, UPF3B becomes bound by a second core NMD factor UPF2 (11, 12) . During the pioneer round of translation, the ribosome usually removes EJC complexes. That most mammalian genes harbour their normal termination codon within their last exon has been exploited by the NMD machinery to identify PTC-containing transcripts, whereby the unusual deposition of an EJC downstream of a termination codon becomes an NMD triggering feature (10) . Ribosome stalling at a PTC triggers sequential generation of an active NMD complex by recruiting the third core, and critically required, NMD factor UPF1 via interaction with UPF2 (10, 13) . Once bound, UPF1 serves this complex by directing targeted degradation of the mRNA through its ATPase RNA helicase activity and various interactions with ribonucleases (10, (13) (14) (15) (16) .
NMD is now recognized as an important regulator of the transcriptome, with 'PTCs' serving as a natural regulatory feature. These endogenous PTCs can occur as a result of alternative splicing events, the presence of an upstream open reading frame (uORF), or where an exon -exon boundary is present or introduced in the 3 ′ untranslated region (UTR). In addition, 3 ′ UTRs .1.5 kb can also trigger NMD (10) . Loss of NMD factor function was shown to lead to deregulation of 5% of the transcriptome across different cell types and animal models (9, (17) (18) (19) (20) (21) (22) (23) . NMD function is crucial for embryonic development, with Upf1 and Upf2 knockout mice displaying embryonic lethality (4, 21, 24) .
While UPF1 is essential for NMD, alternative pathways acting independently of UPF3B and UPF2 exist (17, 25) . This has been demonstrated in patients with UPF3B PTC mutations, where the PTC mRNA of UPF3B is itself NMD degraded in the absence of the UPF3B protein (4, 9) . In UPF3B patient cells, the activity of the alternative pathway involving UPF3B paralog, UPF3A, appears to be critical for the patient's clinical outcome. In the absence of UPF3B, variable stabilization of UPF3A occurs, which inversely correlates with the clinical severity of the neurological features of the patients (9, 18) . Transcriptome profiling of UPF3B-deficient human cells supports the idea that the level of activity of the UPF3A-dependent NMD (UPF3A-NMD) pathway can partially rescue the loss of UPF3B-NMD function (9) . In addition to the alternative UPF3A pathway, it has been established that NMD pathways are influenced by the competitive strength of the Staufen1-mediated mRNA decay (SMD) pathway (26, 27) . SMD involves the mRNA-binding protein Staufen1 (STAU1), which binds cognate sequences in the 3 ′ UTR of target transcripts (STAU1 binding sites; SBS), and recruits the mRNA decay machinery via an interaction with UPF1 (28, 29) . As UPF1 binding to UPF2 or STAU1 is mutually exclusive, a competitive balance between NMD and SMD exists, whereby one pathway assumes dominance (26, 27) . Importantly, this balance is functionally required during cell processes like those of myoblast maintenance and differentiation (26) . Thus, in any cell, including those present during brain development, the relative contribution of UPF3B function may be also influenced by the activity of the partially redundant UPF3A-NMD pathway, and by the competitive SMD pathway (18, 27) .
It has also emerged that nervous system development and function are sensitive to NMD function. In addition to the evidence provided by the study of the UPF3B patients, experiments in mice revealed that haploinsufficiency of the accessory NMD factor Magoh results in microcephaly (30) . Knock-down of NMD factors in zebrafish resulted in brain growth and patterning defects, while in fly, hemizygous deletion of Upf1 or the accessory factors Smg1 and Smg6 disrupted synapse structure and function (31, 32) . Other studies have identified that NMD of key transcripts is required for essential neuronal functions, including activation of global brain specific splicing programs, neurite growth, synaptogenesis and synaptic strength (9, (33) (34) (35) (36) .
Thus far, we approached the identification of key pathological mechanisms in UPF3B patients by interrogating the transcriptomes of patients' lymphoblastoid cell lines (LCLs) (9) . In these cells, loss of UPF3B-NMD resulted in deregulation of 5% of the LCL transcriptome, including several genes with defined roles in the development of the brain. In this study, we first reveal the complex regulation of Upf3b expression during brain development that involves both gene expression and subcellular localization of Upf3b itself. Upf3b expression is complemented by the expression of alternative NMD and competitive SMD pathway factors, suggesting a balancing of respective pathway activity. We show in neural progenitor cells (NPCs) that loss of Upf3b-NMD promoted self-renewal while delaying differentiation. Upf3b-NMD was also required in post-mitotic neurons, where it was involved in regulating neurite growth. In both cell types, loss of Upf3b-NMD altered the expression of key NMD feature containing transcripts, including Six3 in NPCs, and Nrcam and Robo1 in neuronal cells, which could help explain the cellular alterations, and which were also deregulated in human patient cells. Our results provide cellular and molecular evidence of the role of Upf3b-NMD during brain development and identify likely pathological mechanisms underpinning UPF3B-related neurological phenotypes.
RESULTS

Upf3b is expressed during brain development
We initially set out to identify the stages, events and cell types of brain development that are potentially sensitive to Upf3b-NMD function. It is well established that Upf3b functions in a partially redundant fashion with Upf3a, and that the NMD pathways are in a competitive functional balance with the SMD pathway (9, 17, 18, 26, 27) . In view of these findings, we considered sensitivity to Upf3b-NMD activity would be a product of (i) Upf3b expression itself, (ii) expression of Upf3a and (iii) activity of the SMD pathway as reported by the expression of the key SMD factor Stau1. We first employed qRT -PCR to identify temporal expression profiles of these genes during brain development. All three genes were expressed in the brain from an early time point of embryonic day 10.5 (E10.5) through to adulthood, with Upf3b and Stau1 showing comparable trends and levels, .10-fold above that of Upf3a (Supplementary Material, Fig. S1 ). Next, we used in-situ hybridization to reveal the spatial distribution of mRNA expression of these genes (Supplementary Material, Fig. S2 ). At E10.5, Upf3b was broadly expressed in most tissues, but particularly strong in the developing central nervous system (CNS). At E14.5, a restriction in Upf3b expression within the CNS was revealed; in the forebrain, Upf3b was found highly enriched in the NPCs resident within the ventricular zones (VZs), which was maintained at E18.5 (Supplementary Material, Fig. S2 and Fig. 1 ). At E18.5 and beyond, Upf3b transcripts were detected in the neurons of the cortical plate (CP) and adult cortical layers, and were highly expressed in the stratum pyramidale and dentate gyrus structures of the hippocampus (Supplementary Material, Figs S2 and S3). As in the forebrain NPCs, Upf3b mRNA was also highly expressed in the granule cell progenitors within the external germinal layer of the developing cerebellum, and also later in the neurons of the adult structure (Supplementary Material, Figs S2 and S4). In comparison, the spatial distribution of Stau1 transcripts was similar to Upf3b, while Upf3a transcripts were found broadly across all CNS structures (Supplementary Material, Figs S2 -S4).
Upf3b expression and localization is dynamic during cortical development
We extended our study to include analysis of Upf3b protein expression. For this, we used our well-established in-house antibody (4,9), which we further validated using mouse lysates (Supplementary Material, Figs S5). We compared Upf3b protein expression with mRNA expression, and expression of other NMD and SMD factors. Initially, we investigated the E14.5 dorsal telencephalon, the peak neurogenic phase of cortical development (Fig. 1A) . We observed a discontinuity between Upf3b mRNA and protein expression; while mRNA was highly enriched in the VZ, protein was more highly expressed in the CP. This discontinuity was not observed at later time points of cortical development. In contrast, the protein distribution of Upf3a and Stau1 correlated with their respective mRNA spatial distributions, such that Upf3a was expressed at low levels across the developing telencephalic wall, and Stau1 was enriched within the VZ, as was Upf1. Thus, it was apparent that the E14.5 embryonic forebrain could be divided based on the expression of NMD and SMD factors; high Upf1 and Stau1 expression demarcating the VZ, while high Upf3b expression demarcating the CP (Fig. 1A) . The heterogeneous expression profiles of Upf3b, Upf3a and Stau1 became even more dynamic and complex later during cortical development, with each displaying predominant enrichment within various cell populations and layers of the developing cortex (Supplementary Material, Fig. S6 ). Next we focussed specifically on Upf3b expression across embryonic stages of cortical development, E10.5-E18.5 (Fig. 1B) . These studies revealed differential subcellular localizations, both within and across developmental stages. In the VZs at E10.5 and E14.5, Upf3b was predominantly excluded from nuclear regions of NPCs, while in NPCs of the VZ at E18.5, and in most neurons of the CP structures (at E14.5 and E18.5), Upf3b displayed prominent nuclear localization (Fig. 1B and Supplementary Material, Fig. S7 ). Both the mRNA -protein discontinuity and the differential nuclear localization phenomena of Upf3b were also observed using an in-vitro step-wise differentiation of neurons from murine embryonic stem cells (ESCs; Supplementary Material, Fig. S8 ). Finally, we compared the amount of Upf3b expressed in both the VZ and CP cells using established quantitative microscopy techniques. Expression within VZs was comparable between E10.5 and E14.5, but 1.6-fold higher at E18.5, and 2 to 3-fold higher in the CPs at E14.5 and 18.5 (Supplementary material, Fig. S8 ). Together these data suggest that Upf3b expression is complex during cortical development, but tended to be higher and more nuclear localized in cells of more advanced differentiation status.
Upf3b is highly expressed in hippocampal neurons
As our in-situ data revealed high mRNA expression of Upf3b within the hippocampus (Supplementary Material, Figs S2 and S3), this warranted further investigation. We isolated these cells and allowed them to grow in-vitro, a process which mimics their in-vivo growth and maturation (37) . During this growth, Upf3b mRNA expression increased ( Fig. 2A) . Because Upf3b is localized throughout neurons, including synapses (5), we asked whether Upf3b expression might be regulated by neuronal activity, a feature displayed by many synaptically functioning proteins. Upon chronic depolarization of in-vitro cultured hippocampal neurons using 55 mM KCl treatment (38), we observed a reduction in the level of Upf3b mRNA after 2 h (Fig. 2B) . Thus, Upf3b transcription was dynamic during both neuronal growth and in response to synaptic activity. Next, we employed immunohistochemistry to reveal in-situ protein expression and localization of Upf3b, together with Upf3a and Stau1. Upf3b was localized throughout the cell, but enriched in the cell body and the nucleus. In contrast, Stau1 was evenly distributed throughout the cell, while Upf3a displayed exclusion from nuclei (Fig. 2C) . Similar results were observed for cortical neurons, while expression of all the three factors was collectively enriched, and similarly distributed, within Purkinje cells of the cerebellum (Supplementary Material, Figs S10 and S11). Together, these data confirm the high expression of Upf3b in mature neurons, including hippocampal neurons, and further suggest that the predominant subcellular distribution of Upf3b, Upf3a and Stau1 is regulated in a cell-type specific manner.
Loss of Upf3b function promotes NPC self-renewal.
Because Upf3b was highly expressed in the VZ at E18.5 of the developing cortex, we enquired whether it was required for aspects of NPC biology, namely their ability to self-renew and differentiate. To stably reduce Upf3b expression in these cells, we screened shRNA sequences for their ability to knock-down Upf3b. We identified 5 shRNA sequences that efficiently knocked down Upf3b expression in mouse NIH3T3 fibroblast cells (Supplementary Material, Fig. S12 ). We then isolated NPCs from the E18.5 cortex and grew them non-adherently as neurospheres (39) . Following a brief expansion, we transduced NPCs with lentiviral particles delivering a transfer vector that constitutively expressed GFP and either control shRNAs [targeted against luciferase (Luc), a scrambled Upf3b specific sequence (S2)] or shRNAs that target Upf3b (T2, T5 or a mixture of both T 2+5 ). Following transduction, GFP-positive cells were isolated by fluorescent activated cell sorting (FACS) to produce pure populations of transduced cells. These cells remained .95% GFP positive even after seven passages, suggesting stable delivery of the shRNA (data not shown). For the following sets of experiments, we compared pooled results from control cell lines [Wild-type (WT; un-transduced), Luc and S2] with Upf3b-shRNA cell lines (T2, T5 and T2+5), to control for both the effects of viral transduction and shRNA offtarget effects. On average, delivery of Upf3b shRNA reduced the Upf3b mRNA by 2-fold; however, the protein levels of Upf3b were reduced by 88% (Supplementary Material, Fig. S13 and Fig. 3A and B). To determine whether the loss of Upf3b in NPCs impaired Upf3b-NMD, we analysed the mRNA of wellestablished target genes Atf4, Snord and Gas5, which are commonly referenced in the literature to report on the activity Upf3b-NMD (17, 19, 21, 40) . The reduction of Upf3b resulted in an increased expression of the Snord and Atf4 transcripts, suggesting that the Upf3b-NMD pathway had indeed been compromised (Fig. 3C ). Using an enzyme-based proliferation assay, we observed a significant proliferative advantage in NPCs lacking Upf3b when grown as neurospheres at low (i.e. clonal) density. They exhibited a 1.6-and 1.4-fold increase in growth over controls at Days 3 and 6 of culture, respectively (Fig. 3D ). This increase might be explained by (i) an increased percentage of proliferative cells, (ii) a shortened cell cycle length or (iii) an increased number of sphere-forming cells and thus sphere-forming capacity. We used 5-ethynyl-2'-deoxyuridine (EdU) pulse labelling, which labels cells actively undergoing S-phase, and FACS profiling to exclude differences in the percentage of proliferative cells (Fig. 3E) . To investigate the cell cycle length of the NPCs, hydroxyurea (HU) was used to synchronize the cell cycle of NPCs at S-G2. Removal of HU then allowed NPCs to re-enter the cell cycle, where they were further cultured in the presence of EdU. The cell cycle length was inferred by the number of cells that transitioned through G2, M, G1 and back into S, which is reported by the number of cells labelled by EdU at 0, 8 and 24 h (41) . Surprisingly, we observed a slight but significant reduction ( 13%) in the number of NPCs that had transitioned into S-phase at 24 h, suggesting that loss of Upf3b actually elongated the cell cycle, albeit slightly ( Fig. 4F ). Having excluded our first two explanations, we reasoned that the increased proliferation might result from increases in the number of initial sphere-forming cells in the culture. We applied the well-established serial passage sphereforming assay (42) (43) (44) . In this assay, a set number of single NPCs are plated at low density following each passage (1 × 10 4 cells/ml; equivalent to conditions used in the proliferation assay) and the number of spheres that form in those cultures then counted. Because of the low density conditions, each sphere that forms is derived from a single sphere-forming cell, reported to have stem-cell like properties (42) (43) (44) (45) . These cells typically represent only 1 -5% of the cells derived from neurospheres (39, 42, 45) . Cultures lacking Upf3b consistently regenerated more spheres than controls; on average, this difference was significant ( 1.6-fold greater, 3.7% compared with 5.9%) ( Fig. 3G and Supplementary Material, Fig. S14 ). Together, these data reveal that loss of Upf3b in NPCs resulted in a growth advantage that is best explained by the expansion of the rare population of sphere-forming cells, which stimulate an increased number of neurospheres that form, and thus the total number of cells in the cultures.
Loss of Upf3b delays the differentiation of NPCs
As loss of Upf3b promoted the self-renewal of NPCs under conditions that favour the undifferentiated state, we next tested whether these cells would behave similarly under conditions that favour differentiation. We allowed transduced NPCs to adhere to a poly-L-lysine substrate to promote their differentiation into post-mitotic neural cells (39) . Following 3 days of adherent culture, we analysed the percentage of cells that were still proliferating by pulse labelling with EdU. The loss of Upf3b resulted in a 1.5-fold increase in the number of cells labelled with EdU ( Fig. 4A and B) . Next, we reasoned that if differentiation was reduced, colonies derived from single NPCs would have a greater absolute expansive capability (46) . We seeded single NPCs at a very low density and allowed them to grow for 6 days (39). The lack of Upf3b resulted in a 35% increase in the number of cells in single NPC derived colonies (Fig. 4C) . The increased proliferative and expansive capabilities of NPCs lacking Upf3b were potentially at the expense of differentiated cell types. To test this, we identified the percentages of NPCs and differentiated cell types, namely neurons, astrocytes and oligodendrocytes, in the cultures using immunofluorescent staining of cell-type specific marker proteins and cell counts. This labelling regime accounted for greater than 87% of all cells in culture, with similar percentages of unlabelled cells present in both cultures (13 and 7% in control and Upf3b shRNA conditions respectively). At Day 3 of differentiation, cultures lacking Upf3b displayed a 52% increase in the percentage of NPCs that was offset by a 41% decrease in the number of differentiated cells ( Fig. 4D and E) . Next, we asked if the loss of Upf3b resulted in loss of a specific neural cell lineage; loss of Upf3b significantly reduced the production of neurons by approximately half, reduced the production of astrocytes (although not statistically significant), whilst production of oligodendrocytes was unchanged ( Fig. 4D and E) . These results indicate that loss of Upf3b-NMD reduced the differentiation of primary E18.5 cortical NPCs.
Upf3b is required for neuronal maturation
The above data demonstrated a role of Upf3b-NMD in regulating mitotic NPC behaviour, but potential high activity of Upf3b-NMD was also recognized in the developing and adult hippocampus, in post-mitotic neuronal populations (Supplementary Material, Figs S1 and S3 and Fig. 2 ). Because this structure is involved in learning and memory, and loss of UPF3B function in human results in ID, we decided to investigate the loss of function of Upf3b in hippocampal neurons. Primary culture of post-mitotic hippocampal neurons is a well established model of neuronal maturation (37) , during which Upf3b transcription was elevated (Fig. 2) . This data suggested that the growth of hippocampal neurons might be sensitive to Upf3b function. To address this hypothesis, we again employed lentiviral transduction to deliver the aforementioned control or Upf3b-specific shRNAs together with GFP to freshly isolated embryonic hippocampal neurons, and grew them in-vitro. By isolating and manipulating post-mitotic neurons, the effects observed in these neurons are independent of any alterations in NPC behaviour. In the following sets of experiments, we pooled the results from replicate experiments that compared control conditions (WT and S2, n ¼ 4 in total) and Upf3b shRNA conditions (T2 and T5, n ¼ 4 in total) to again control for both transduction and shRNA off-target effects. At Day 5 of culture, the delivery of Upf3b shRNA resulted in an average 83% reduction of Upf3b mRNA, which was accompanied by an 81% reduction of protein expression (Supplementary Material, Fig. S15 and Fig. 5A and B) . The loss of Upf3b was accompanied by increased mRNA levels of the three established Upf3b-NMD target reporter genes Gas5, Atf4 and Snord, suggesting that Upf3b-NMD had indeed been disrupted (Fig. 5C ). The loss of Upf3b had a small but significant effect on neurite growth ( Fig. 5D -F) . At Day 5 of culture, the loss of Upf3b resulted in a 23% reduction in primary axonal length, accompanied by small increases in the arborization of both axons and dendrites as reported by increases in the number of respective (14 -15%) and total (15%) neurite termini. Thus, inhibition of Upf3b-NMD was found to regulate the growth of hippocampal neurons in a subtle but specific manner.
Effects of Upf3b loss on alternative NMD and competitive SMD pathway activities
Having discovered alterations in both NPC and neuronal cell behaviours, we next investigated whether depletion of Upf3b-NMD led to alternations in alternative NMD and/or competitive SMD pathways. NMD is known to regulate itself in a cell-type specific fashion via a negative feedback loop mechanism, wherein NMD regulates transcripts encoding NMD factors (40) . In both NPCs and hippocampal neurons, the loss of Upf3b-NMD had no effect on the transcript levels of the core NMD factors Upf1, Upf2 or Upf3a (Fig. 6A and B) . Previous work in non-neural cells has established that in the absence of Upf3b, stabilization of Upf3a protein occurs, and partially compensates for loss of Upf3b function (9, 18) . Consistently, western immunoblot analysis revealed elevated Upf3a levels in both NPCs and hippocampal neurons depleted of Upf3b ( Fig. 6C  and D ). Next, we investigated possible alterations of SMD. Intriguingly, while Stau1 appears to have no NMD activating features (data not shown), we observed a 1.5-fold increase in Stau1 mRNA levels specifically in NPCs (although not obvious by immunoblot analysis), but not in neurons ( Fig. 6A -D) . Based on this result, and also that SMD efficiency might be improved by default of reduced competitive Upf3b-NMD activities (26, 27) , we sought evidence of elevated SMD activity in cells lacking Upf3b. To indicate elevated SMD activity, we investigated the down-regulation of the well-established SMD targets cJun, Serpine1, Gap43 and Arf1 (28, 29) . While in NPCs, Gap43 expression was significantly down-regulated, the other SMD target transcripts in NPCs, and all SMD target transcripts in hippocampal neurons were not significantly altered by loss of the Upf3b-NMD.
Loss of Upf3b-NMD effects clinically relevant target transcripts in a neural cell specific manner
We recently profiled the transcriptome of lymphoblast cell lines (LCLs) derived from patients harbouring loss-of-function UPF3B mutations (9) . Of the deregulated genes identified, 16 genes featured that are highly expressed in the brain and display functions related to neural development (9) . Because these genes are candidate downstream effectors of UPF3B-NMD that might contribute to the neurological features of the patients, we chose to validate a selection of them using our mouse primary cell populations lacking Upf3b function. We chose six genes to validate, four of which display conservation of their NMD activating features found in man (Supplementary Material, Table S1 ). In NPCs with compromised Upf3b-NMD, two of the six genes were found to be deregulated; Six3 expression was increased 3.6-fold, while Tmod2 expression was decreased 0.4-fold (Fig. 7) . In hippocampal neurons with compromised Upf3b-NMD, two of the six genes were deregulated; Nrcam was elevated 1.4-fold, as was Robo1 (Fig. 7) . Thus, of the six key candidate genes identified using human patient-derived LCLs, four were also deregulated in mouse neural cells lacking Upf3b-NMD.
DISCUSSION
Patients with loss-of-function UPF3B mutations present with a highly variable neurological phenotype. This would suggest that UPF3B function is important for normal brain development; however, our understanding of the underlying molecular processes is still limited (4 -7). In this study, we provide a detailed description of Upf3b expression and function during brain development in order to gauge into its function. The key findings from our study are (i) Upf3b expression is developmentally regulated; (ii) loss of Upf3b-NMD promotes the proliferation and reduces the differentiation of NPCs and (iii) loss of Upf3b-NMD affects neurite growth of neurons. Taken together, our data suggest that Upf3b-NMD is a crucial regulator of multiple processes of brain development, which likely underpin aspects of the clinical presentations of variable ID, autism, ADHD and childhood-onset schizophrenia of UPF3B patients.
The expression of Upf3b suggests complex developmental use of the Upf3b-NMD pathway. In-situ hybridization analysis revealed prominent Upf3b expression during embryonic stages of cortical development, as well as in postnatal and adult cortical, hippocampal and cerebellum structures. Focussing on embryonic dorsal forebrain development, our complementary immunohistological studies revealed a number of phenomena that collectively suggest Upf3b-NMD activity may be regulated by multiple mechanisms that include Upf3b expression and subcellular localization, as well as the activity of the competitive SMD pathway. First, we observed a discontinuity between Upf3b mRNA expression and Upf3b protein expression at E14.5, wherein mRNA was strongly expressed in the VZ while the protein was not, instead showing high expression in the adjacent CP tissue. This implies a level of post-transcriptional control of either Upf3b translation or Upf3b stability, the latter of which is observed for the Upf3b paralog Upf3a (9,18). This discontinuity was not apparent later at E18.5. Second, the nuclear localization of Upf3b was found to be largely absent in VZ NPC nuclei at E14.5 and earlier, but found present in nuclei of NPCs at later stages and in most cells of neuronal identity. While the significance of this regulation is unclear, it is well established that the function of nuclear-acting factors (e.g. transcription factors) required for embryonic development and cell differentiation can be regulated by the expression of cognate nuclear transport factors (47 -49) . Such transport factors specific for Upf3b have yet to be identified. Finally, we revealed inverse expression patterns between Upf3b and the key component of the SMD pathway Stau1 in neural cell populations present at E14.5 wherein Stau1 expression dominated the VZ, whereas Upf3b expression was dominant in the CP. In line with the molecular control of myogenesis, our data suggest a functional competition between the respective SMD and NMD pathways in NPC and neuronal populations during neurogenesis (26) . Consistently, the reduction of Upf3b-NMD in isolated NPCs displayed partial evidence of increased SMD activity. Further demarcation of laminar substructures of the E18.5 cortical wall were also observed when analysed for Upf3b and Stau1 (and Upf3a) expression, suggesting continued employment of this mechanism in different cortical neuronal populations. Thus, the complex expression of Upf3b, and presumably the activity of Upf3b-NMD, appears to be controlled through multiple mechanisms. It is enticing to speculate that the mRNA-protein discontinuity, nuclear localization and competitive SMD mechanisms might be functionally linked. For example, in cultured cell lines UPF3A is rapidly degraded when access to UPF2 is inhibited (9, 18) . Perhaps, the exclusion of Upf3b from nuclear regions, and thus presumably Upf2, results in a similar destabilization that might explain the overall reduced protein expression in the VZ NPCs at E14.5 and earlier, and dominance of Stau1 expression. Consistently, Upf3b expression was much higher in populations displaying prominent nuclear localisation, namely neurons in the CP at E14.5, and VZ and CP cells at E18.5. Finally, differences in the expression of Upf3b, Upf3a and Stau1 within post-mitotic neurons also suggested that these factors may harbour divergent functions (i.e. outside of NMD and SMD), or that their represented NMD and SMD pathways are compartmentalized in some way. Certainly for Stau1, functions in mRNA transport are well established in neuronal cells (50) , while previous descriptions of Upf3b localization to synapse structures have also suggested functions outside of NMD (5). NPCs populating the VZ at E18.5 and hippocampal neurons were identified as cell types in which Upf3b-NMD is likely to be highly active based on (i) high mRNA and protein expression; (ii) nuclear localisation and (iii) comparable or dominant expression over Stau1 and Upf3a. We thus reasoned that these cells might be sensitive to loss of Upf3b-NMD activity, and that such manipulation might reveal pathological mechanisms that in-part explain the clinical phenotype in patients with UPF3B mutations. Indeed, loss of Upf3b-NMD in both of these cell types affected their behaviour. In NPCs, grown as neurospheres, loss of Upf3b-NMD promoted the expansion of sphere-forming cells, which are known to display the bona-fide neural stem cell properties of long-term self-renewal and multipotency (42, 45, 51) . Interestingly, the cell cycle length of neurosphere cells was actually slightly increased, which perhaps also reflects a higher percentage of neural stem-like cells, which do display longer cell cycling times than 'transient amplifying' progenitor cells (52) . When these cells were grown under conditions that favour their differentiation, the loss of Upf3b-NMD promoted expansion of NPCs, at the expense of producing differentiated cells. Together, these phenomena are consistent with our expression studies which correlated progressively increased Upf3b expression (i.e. from VZ NPCs at E10.5 to E18.5, and to post-mitotic neurons), and thus likely Upf3b-NMD activity, with less inherent proliferative and expansive behaviours (52) . Intriguingly, previously reported loss of Upf1 in NPCs has an opposing effect wherein differentiation was promoted (53) . This suggests involvement of Upf1 in pathways outside of Upf3b-NMD, which is well established, and includes for example SMD (28, 29) . Consistent with this, both Upf1 and Stau1 were highly expressed in the VZ at earlier stages of forebrain development (e.g. E10.5 -E14.5) when Upf3b expression was low, suggesting predominance of this alternative pathway. It is thus likely that loss of both SMD and NMD, and additional functions of Upf1 outside of mRNA decay (10) , are driving the overriding differentiation processes in response to loss of Upf1.
Our current findings also add to the established roles of the NMD factors Upf3b and Upf2 in differentiation processes (26) . In the myogenic differentiation of C1C12 cells, Upf2-dependent NMD promoted the undifferentiated state via direct NMD of Myogenin, which encodes a master regulator of differentiation, while Upf3b-NMD correlated with, and SMD activity promoted differentiation, via SMD of Pax3, which encodes a master regulator of the myoblasts (26) . Our data likewise implicate Upf3b-NMD in the promotion of neural differentiation, and suggests Six3, a master regulator of cortical and visual development in mouse and man, as a direct target (54) (55) (56) . Six3 mRNA contains an uORF NMD feature and has been identified as an NMD target also in UPF3B patient LCLs (9) . As with loss of Upf3b, over-expression of Six3 in mouse cortical NPCs results in their expansion and reduction in differentiation, suggesting that it might link the loss of Upf3b-NMD to the observed expansion and reduced differentiation of NPCs (46) . Also consistent with the functional balance between NMD and SMD pathways in controlling differentiation processes, loss of Upf3b also resulted in modest increases in Stau1 mRNA expression and partial evidence of increased SMD activity in NPCs. More rigorous investigations into this regulatory mechanism in neural differentiation will need loss of Upf2 approaches, or compound Upf3b-Upf3a loss, as the loss of Upf3b alone was compensated by increased Upf3a stabilisation, which suggests partial maintenance of the NMD-SMD balance.
We also extended our loss-of-function approach to study postmitotic neuronal growth in hippocampal neurons. Because these cells were isolated and manipulated as a pure population of postmitotic neurons (37), the effects observed from the loss of Upf3b are independent of the earlier NPC defects. We revealed that loss of Upf3b-NMD in hippocampal neurons results in a reduction in axonal length associated with subtle increases in neurite arborization. Consistent with the involvement of NMD in neurite growth, previous reports have established that downregulation of Upf1 is associated with an increased dendritic spine length (53) . We observed progressive increases in the transcription of Upf3b during neuronal growth in-vitro, which was also suppressed by chronic depolarization in mature cells. Together, these data suggest that neuronal growth and functions are sensitive to Upf3b function. Indeed, we have previously postulated neurite growth defects as a pathological feature in UPF3B patients; in patient cells, compromised NMD results in direct upregulation of ARHGAP24, which when overexpressed in mouse hippocampal neurons, result in the reduction of axonal length and neurite arborization (9) . Unlike in humans, however, mouse Arhgap24 does not have the NMD targeting uORF feature and is not upregulated in response to loss of Upf3b-NMD (data not shown). Despite this, loss of Upf3b-NMD still led to altered neuronal growth.
Using our candidate gene approach, we identified upregulation of Robo1 and Nrcam as putative Upf3b-NMD targets in mouse hippocampal neurons, which consistently participate in axon guidance and axon growth (57) (58) (59) (60) . Furthermore, both the Robo pathway and Nrcam gene have been previously identified in cells deficient in Upf1 as NMD targets (53) . Others have identified the ARC, PSD95 and PTBP2 transcripts, which encode proteins harbouring vital neural functions, as being critically regulated by NMD (33 -36) , although this set of genes was not supported by studies of UPF3B patient LCLs (9) . Thus, it is likely that cell-type specific batteries of Upf3b-NMD regulated genes are responsible for the coordination of NPC differentiation and subsequent neuronal growth and function. Indeed, UPF3B-NMD is known to result in deregulation of 5% of the transcriptome (9) .
In humans, loss-of-function mutations in UPF3B result in ID accompanied by a spectrum of additional neurological features that may include autism, ADHD, childhood-onset schizophrenia or dysmorphic features including macrocephaly and visual impairment (4 -7) . In this study, we aimed to model this disorder at a neural cell level by disabling Upf3b-NMD in highly physiologically relevant cells. The alterations in cellular and molecular mechanisms we have identified using these models are consistent with patient's clinical presentations. Specifically, our data suggest that the neuronal networks of the hippocampus might be affected, which we can plausibly speculate to cause or at least contribute to patient's ID. That Nrcam and Robo1 mRNA expression is deregulated in these cells and also in human patients, brings this high-ranking molecular mechanisms into the broader picture (9) . Nrcam is an autism susceptibility gene and null mice display autistic behaviours reminiscent of clinical features of UPF3B patients (61) (62) (63) (64) . Likewise, the expansion of NPCs in our assays could explain the macrocephalic features in some UPF3B patients. The common deregulation of Six3 in both NPCs and in UPF3B patients provides a high-ranking candidate molecular mechanism for the macrocephaly, and might also account for the visual impairment of some UPF3B patients (46, (54) (55) (56) .
The spectrum of phenotypes seen in UPF3B patients, which also shows intra-familial variability, presents a challenge to identify disease modifying factors (9) . Whilst varying UPF3A protein stability appears to be one of the candidate modifying factors, other genes and proteins might also be contributing (9) . Our study of loss of Upf3b function has identified additional candidates to be investigated, revealing both cellular and molecular mechanisms contributing to the pathology and thus clinical outcomes of UPF3B patients.
MATERIALS AND METHODS
Animal use
This study was performed under regulations of the South Australian Animal Welfare Act 1986, and in strict accordance with the Australian Code of Practice for the Care of Animals for Scientific Purposes, 2004. The protocol was approved by the Women's and Children's Health Network Animal Ethics Committee (Approval Number: 750/06/2011 and 888/06/13). All euthanasia was performed using cervical dislocation, and every effort was made to minimize suffering. Time-mated pregnant female Swiss mice were obtained from the Women's and Children's Health Network Animal Care Facility (Women's and Children's Hospital, Adelaide, Australia).
Immunohistochemistry
Tissue was fixed using phosphate buffered saline (PBS) containing 4% paraformaldehyde (4%PFA-PBS). The tissue was processed and stained as previously described (65) . Antigen retrieval was performed by immersing the sections for 20 min in a heated solution of 0.01 M sodium citrate, pH ¼ 6 or Tris-EDTA pH ¼ 9. Primary and secondary antibodies were used at the following dilutions; sheep anti-UPF3b (1:200; in-house, (4)), rabbit anti-UPF3B (1:50), mouse anti-UPF3A (1:100) and rabbit anti-bIII tubulin (1:200; all from Sigma), rabbit anti-STAU1 (1:100; Chemicon, Millipore Bioscience Research Products, Billerica, MA), donkey anti-sheep Alexafluor555, donkey anti-rabbit Alexafluor488 and donkey anti-mouse Alexafluor647 (all 1:800; Invitrogen, Carlsbad, CA). Non-specific staining was controlled by using secondary-only controls (data not shown).
In-situ Hybridisation
In-situ probes were cloned into pGEM-T vectors using TA cloning technique as per manufactures instructions (Promega, Madison, WI). PCR amplification of probes from cDNA was achieved using Taq Polymerase (Roche, Penzberg, Germany) and the primer pairs listed in Supplementary Material, Table S2 . Probe containing pGemT vectors were linearised and in-vitro transcribed in both sense and anti-sense direction using the DIG RNA Labelling Kit as per manufactures instructions (Roche). DNAse treated RNA probes were purified using Chromaspin100 colomns (GE Health care, Uppsala, Sweden), and quantified. Parrafin sections were rehydrated, and treated with 4%PFA-PBS for 20 mins. Sections were then ProteinaseK treated (20 mg/ml in PBS) for 8 min at 378C, followed by another 5 min treatment with 4%PFA-PBS. Sections were acetylated for 10 min using a solution of 0.1 M triethanolamine containing 0.25% (v/v) acetic anhydride (both from Sigma Aldridge, St Louis, MO, USA). After washing with PBS, the sections were dehydrated using an ethanol series, and allowed to air dry for same-day probing. Three hundred nanograms of either sense or anti-sense were added to 200 ml of hybridization mix [50% formamide (v/v), 0.3 M NaCl, 20 mM Tris -HCL, 5 mM EDTA, 10% dextran sulphate (w/v), 1× Denhardts, 0.005% tRNA (w/v); all from Sigma Aldridge) and added to slides. Slides were incubated at 658C O/N in a chamber humidified with a solution of 50% formamide, 1× SSC. Following hybridization, the sections were washed three times in 2× SSC, twice in 50% formamide-2%SSC, twice in 2× SSC, twice in 0.2%SSC all for 20 min at 658C. For DIG detection, the sections were blocked in an incubation solution (0.1 M Tris pH7.6, 0.15 M NaCl) supplemented with 10% inactivated sheep serum (v/v; ISS). Sheep anti-DIG antibody was diluted 1:1000 in incubation solution containing 3% ISS and added to sections O/N at 48C. The sections were washed three times with incubation solution, and twice with detection solution (0.1 M Tris -HCl pH9.5, 0.1 M NaCl and 0.05 M MgCl). Nitro blue tetrazolium and 5-Bromo-4-chloro-3-indolyl phosphate (Roche) were added to detection solution containing 5% polyvinyl alcohol (Sigma) and added to slides and incubated at RT in the dark. Following development of signal, sections were extensively washed in water before being dehydrated through an ethanol series and allowed to air dry before mounting in Vector Mount.
Generation of lentivirus
Tet-inducible and constitutive third generation lentiviral vectors were employed as previously described (66, 67) . To generate Upf3b specific shRNA transfer vectors, six shRNA sequences predicted to target Upf3b were designed using BLOCK-it RNAi designer software (Invitrogen). The shRNA sequences are found in Supplementary Material, Table S3 . Two control shRNA sequences were used, including a scrambled T2 trigger called S2 and a shRNA targeted to luciferase called Luc. Sequences are found in Supplementary Material, Table S3 . These sequences were used in the triple-step PCR protocol to generate the sense-loop-antisense structure flanked 5
′ by a attB1 recombination site and a TH1 promoter, and 3
′ by a termination signal and attB2 recombination site as previously described (66) . Gateway-based BP reactions (Invitrogen) shuttled these shRNA sequences into pDONR207, and subsequently LR reactions (Invitrogen) shuttled the sequences into either the tet-regulatable destination lentiviral transfer vector plv-T-shRNA (66), or a re-engineered constitutively expressing version lacking the tet regulatory protein (T-Rex)-ires casette, which we called plv-C-shRNA.
To generate lentiviral stocks, 1 × 10 7 Hek293 cells in a T75 flask were transfected O/N with 12.5 mg of transfer vector (plv-t-sh or plv-C-sh), 7.5 mg of Gag/Pol (D8.2), 6.25 mg of Rev (pRSV-Rev) and 3.75 mg of Env (pCMV-VSV-G), using Lipofectamine 2000 reagent as per manufacturer's instructions (Invitrogen). The medium was replaced with 10 ml of fresh Dulbecco's modified Eagle medium and left for 48 h. The supernatant was collected, filtered (pore size, 0.45 mm) and concentrated 200× by ultracentrifugation at 20 000 rpm for 90 min. Virus titre was determined using a limiting dilution, as described previously (67) .
Transduction of neurons was performed at either MOI ¼ 1 for single cell mophometric analysis or MOI ¼ 30 for biochemical analysis O/N at Day 1 of culture. Transduction of NPCs was achieved at MOI ¼ 10 using O/N incubation with dissociated cells derived from secondary neurospheres. Following sphere re-formation, the cells were dissociated and GFP-positive cells were purified using Fluorescent Activated Cell Sorting (FACS; BD FACSAriaII flow cytometer; BD Bioscience, San Jose, CA, USA), for further culture as neurospheres. Cells remain .95% GFP positive after seven passages (data not shown).
Cell culture
Feeder independent R1 ESCs were cultured and differentiated as described previously (65) . Isolation of NPCs from the E18 cortex was as previously described (68) . Single cells for NPC assays were generated by passing dissociated cells through a 0.75 mm cell filter (BD Biosciences). All NPC assays were conducted in biological triplicate, with each replicate representing a separate clonal cell line derived from the transduction of a different lentiviral shRNA particle (or combination of particles). Averages of these triplicate results are reported. The cell proliferation assay was conducted using the Cell Titre 96AQueous kit (Promega) as per manufacturer's instruction; each biological replicate was analysed using technical quadruplicates and normalized against starting cell numbers (10 3 + 4.2% cells per well). Cell cycle analysis was conducted as previously described (41) . Briefly, cells were synchronized using a 22 h incubation in 2 mM HU (Sigma). The cells were washed four times in fresh NPC media to remove traces of HU before further culture in NPC media containing 10 mM 5-ethynyl-2 ′ -deoxyuridine (EdU; Invitrogen). EdU pulse assays were performed as previously described (69) . Neurosphere cultures were labelled for 4 h at 3 days post passaging. Adherent cultures were labelled for 8 h at Day 3 of culture. EdU incorporation was labelled using the Click-it EdU AlexaFluor647-Azide Flow Cytometry kit as per manufacturer's instructions (Invitrogen). EdU was detected within enhanced green fluorescent protein (EGFP) expressing cells using either FACS profiling of dissociated neurosphere cells or immunofluorescent microscopy and cell counts (see below). For FACS analysis, the biological triplicate experiments were analysed using technical triplicates. Sphere-forming assays were performed by culturing cells at a low, clonal density (1 × 10 4 cells/ml ). Isolation of primary hippocampal and cortical neurons was carried out as described previously (69) . Biochemical assays were done in quadruplicate (two biological replicates each representing transduction with separate lentiviral control or Upf3b shRNA particles). All data represent an average of two biological experiments conducted twice (total n ¼ 4 control, and n ¼ 4 Upf3b shRNA ). Morphometric assays were done using biological triplicate, with each replicate representing transduction with either S2 or T2 shRNA lentiviral particles (see above). Analysis was conducted using immunofluorescent staining and fluorescent microscopy (see below). For each replicate, at least 30 neurons were scored (total n ¼ 98 control n ¼ 99) using the ImageJ software package (NIH).
Immunofluorescence
Cultured cells were fixed with 4%PFA-PBS for 15 min at R/T. Cells were block-permeabilised using PBS containing 0.1% Tween20 (PBST) and 10% normal donkey serum (PBST-10%NDS) for 1 h at RT. Primary and secondary antibodies were incubated in PBST-3%NDS overnight (O/N) at 48C and for 1 h at RT, respectively, at the following dilutions; chicken anti-MAP2, mouse anti-CNPAse, mouse anti-Tau1 (all at 1:2000; Chemicon), rabbit anti-GFAP, goat anti-GFAP, mouse anti-bIII-tubulin, rabbit anti-bIII-tubulin (all at 1:300; Sigma-Aldridge), rabbit anti-Pax6 (1:200; Chemicon), sheep antiUpf3b (1:200, in house), donkey anti-sheep Alexafluor555, donkey anti-rabbit Alexafluor488/555/647 and donkey antimouse Alexafluor488/555/647 (all 1:1000; Invitrogen) and donkey anti-chickenCy3 (Jackson Laboartories, Bar Harbour, ME, USA). Cells were counterstained with 4 ′ ,6-diamidino-2-phenylindole (DAPI) and mounted with Slow-fade mounting media (both from Invitrogen). Non-specific staining was controlled by using secondary-only controls (data not shown).
Microscopy
Fluorescence was viewed using the Axioplan2 microscope (Carl Zeiss, Jena, Germany) fitted with an HBO 100 lamp (Carl Zeiss). Images were captured using an Axiocam Mrm camera and Axio Vs40 v4.5.0.0 software (Axiovision, Carl Zeiss). To produce optical sections of brain samples, images were produced using this system fitted with the ApoTome slider module (Carl Zeiss). Quantification of fluorescent staining of brain sections was conducted as previously described with modifications (70) . Exposure times during image capture were kept constant at 100 ms, to maintain reproducibility. The use of neutral density filters was employed (and kept constant) to ensure all signals were captured within the linear response range. Following image capture, tissue areas (e.g. VZs, CPs or entire radial cortical wall sections) were selected as a region of interest (ROI) using ImageJ software. Average pixel intensities per unit area, or plot profiles of pixel intensities were generated using the ImageJ analysis suite. Background pixel intensity was derived from 'secondary antibody only' negative control stains. Average Upf3b pixel intensities across developmental stages were background subtracted and normalized using average DAPI pixel intensity as a control. The range in average pixel intensity of DAPI stains was +6.5%. Experiments (including negative controls) were conducted on at least six brains at each developmental stage. The results represent the average of each experiment, and error bars represent standard deviation. Upf3b pixel intensity profiles within ROIs were normalized against cell density using the associated DAPI pixel intensity profile. Colorimetric sections were observed with an Olympus BH-2 microscope (Olympus, Tokyo, Japan) or an Olympus SZX16 dissecting microscope (Olympus) and images captured using a SPOT-insight colour camera v3.2.0 (Diagnostic Instruments USA, Sterling Heights, MI) with Image Pro-Plus v5.1.2.59 software (Media Cybernetics Inc., Bethesda, MD, USA).
Biochemical analysis
Protein was isolated from cells using a lysis buffer (120 mM NaCl, 50 mM Tris-HCl (pH 8.0), 0.5% NP-40 (v/v), 1× protease inhibitor cocktail (Sigma), 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF) and quantitated using the Bradford assay (Biorad, Hercules, CA, USA). Samples were separated and transferred to nitrocellulose (Biotrace NT, Pall Corporation, New York, NY, USA) using the NuPage precast gel system as per manufacturer's instructions (Invitrogen). Blots were blocked using PBST containing 5%NHS and 5% skim milk. Antibodies were incubated in this same solution at the following dilutions; sheep anti-Upf3b (1:10000; in house), mouse anti-b-actin (1:5000; SigmaAldridge), rabbit-anti Stau1 (1:300; Chemicon), mouse antiUpf3a (1:300; Sigma), mouse anti-goat/sheep-HRP, goat anti-rabbit-HRP and goat anti-mouse HRP (all 1:1000; Dako, Glostrup, Denmark). RNA was isolated from cells/tissues using Trizol reagent as per manufacturer's instructions (Invitrogen) and further processed using the RNAeasy kit including DNAse treatment (Qiagen, Germantown, MD). cDNA was generated using SuperscriptIII reverse transcriptase as per manufacturer's instructions (Invitrogen) using random hexamer priming (Geneworks, Adelaide, Australia). The StepOne platform and software (Applied Biosciences, Invitrogen) was employed for qPCR analysis. PCRs were generated using the sybr green master mix as per manufacturer's instructions (Biorad) and run using the following parameters; 958C -5 min; 35 cycles of: 958C 2 0 s, 608C -30 s; followed a melt curve increment step 608C-1008C. All primers used met strict quality control parameters amplifying control cDNA at 100 + 10% efficiencies, and producing only single PCR products. Primers for b-actin, BLBP, Sox1, Oct4 and bIII-tubulin are as previously described (Jolly et al., 2009 ), for Atf4, Gas5 and Snord as previously described (Huang et al 2007) , and for others as listed in Supplementary Material, Table S4 .
